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particle topography, the interfacial energy between the device and the adjacent tissue and the biological response of the latter can be controlled. 2À4 Elongated and asymmetrical particles in particular present a convenient choice for drug delivery devices intended to adhere onto a biological surface. 5, 6 Highly irregular, discoid, and cylindroid particles were, for example, shown to adhere to tumor vasculature and be sequestered by the liver, spleen, and lung to a much greater extent than spherical particles did. 7 This shape effect has already been utilized by some biological compounds, including cholesterol platelets and elongated calcium phosphate crystals that comprise atherosclerotic plaque. 8 Namely, their effective adherence onto blood vessel walls is owing to their propensity to form planar particles and thus maximize the surface area in contact with the tissue. 9 A similar strategy can be applied in the design of oral drug delivery carriers whose purpose is to adhere strongly onto the target tissue and resist being carried away by the microflows of the mucous layer. 10 There are a number of challenges in oral drug delivery, 11À13 including (a) the harsh acidic environment in the gut, (b) rapid clearing of the drug off the epithelial lining, and (c) the finite size limit, ∼300 Da, 14 for the paracellular transport of the drug from the intestines and into the bloodstream. In our former studies, we showed that microsized silica beads coated with silicon nanowires present good candidates for adhesive drug delivery devices due to (a) the facility of their loading with drug suspensions via the capillary effect, 15 (b) their ability to entwine with and sterically adhere to apical microvilli on the surface of epithelial cells, 16, 17 and (c) their ability to increase the tight junction (TJ) permeability and enable a more effective passage for the small molecule drugs across the in vitro model of the epithelium. 18 In this study, we modified the shape of the microparticles onto which nanowires are attached from spherical to planar and analyzed the effects of this microscale morphological variation on the permeability of the epithelium formed in vitro by Caco-2, a human colon carcinoma cell line, and in vivo.
RESULTS AND DISCUSSION
SEM images of four types of particles utilized in this study are shown in Figure 1 : bare spherical (S B ) and planar (P B ) silica microparticles and nanowire-coated spherical (S NW ) and planar (P NW ) silica microparticles. Spherical particles were narrowly dispersed with a diameter of 30À50 μm. Planar microparticles were less regularly shaped but equally narrowly dispersed, with the average dimensions of 100 Â 50 Â 5 μm. Aside from their larger surface area in comparison with S particles, they also possessed a more asymmetric, planar geometry, intended to facilitate adhesive interaction with the epithelium. The average length of nanowires grown from the particle surface was 4À8 μm for S NW and 5À10 μm for P NW . For both particles, the diameter of the nanowires was about 60 nm. The diameters of the nanowires are within the endocytic range, but not the lengths too, which prevents them from undergoing endocytosis in the case of detachment from the microparticle surface.
The shape of P particles was rationally designed with a 2-fold purpose (a) to maximize the duration of adhesion to the mucous epithelium of intestines under high shear flow, and (b) to increase the surface area in contact with the epithelium. In the oral delivery platform, the drug permeability and the residence time of the delivery device in intestines are two key factors determining their therapeutic effectiveness. To estimate the adhesion force and resistance to shear, a parallel flow chamber test was conducted and the results have shown a higher average surface retention time for P NW particles versus S NW by 20%, with a 60% confidence interval ( Figure.2b) . The shear pressure of ∼70 dyn/cm 2 , under which both types of nanowirecoated particles exhibited high retention time, was sufficient to detach most bare P and S particles, confirming that nanowires on the particle surface markedly enhance adhesion. No significant difference in the retention time was observed depending on the initial particle number, suggesting that the percentage of retained particles under the conditions applied herein was independent of the initial number of particles in contact with the cell surface. More importantly, most P NW particles were shown to adhere onto the cell monolayer with their largest faces, further maximizing their surface area in contact with the cells (Figure.2a) . Not only did the larger surface area of P particles help them adhere better onto the underlying cell layer, but www.acsnano.org their lesser surface area facing the flow additionally explains for their ability to stay longer in contact with the underlying cell layer when subjected to shear flow. Because a major goal of drug delivery is to maintain the drug levels within the therapeutic window with a minimal dosage, the drug loading capacity is a primary criterion determining the therapeutic effectiveness of a device. Therefore, we tested different shapes of microparticles, P NW and S NW , for their ability to capture insulin and elute it in 4 h. This time scale was chosen because previous studies have shown that S NW do not remain in the small intestine for longer than 3 h. 17 Figure 2c shows the drug elution profile of insulinloaded microparticles, S NW and P NW . Spherical particles displayed no significant concentration changes as a function of elution time, while P NW ones demonstrated a continuous increase of insulin concentration in the supernatant in direct proportion to the incubation time, approaching a constant release rate for 1À4 h time period. P NW demonstrated approximately 5 times higher insulin loading capacity than S NW . Geometric calculations based on the results of the morphological analysis of S and P particles (Figure 1) showed that the surface area of P particles is 3À3.5 times higher than that of S ones in the samples of identical weight, explaining why the loading efficiency was higher for P NW particles than for S NW ones. As expected, P NW particles adsorbed more insulin than P B due to (a) the additional surface area created by nanowires, and (b) the capillary effect by which they are able to effectively capture drug molecules in spite of the unfavorable concentration gradients. Conversely, the network of intertwined nanowires is responsible for the gradual increase in the cumulative amount of the eluted drug in the case of P NW particles. As estimated from the comparison with the insulin release from P B particles (data not shown), P NW particles contained almost 70% of insulin stored in reservoirs between nanowires on their surface. The gradual release of the drug is expected to be a favorable factor for oral delivery devices because an early burst of the released drug may lower the therapeutic efficacy of the carrier.
Augmenting the transepithelial delivery efficiency without compromising the selective permeability of the epithelium is one of the biggest challenges faced by oral drug delivery. The permeability tests were conducted in order to measure the amount of insulin delivered across Caco-2 cell monolayers. As shown in Figure 3a ,b, all spherical particles induced lower levels of permeability in comparison to P NW , irrespective of whether the drug was loaded onto the particles prior to the test (Figure 3a) or added separately to the apical compartments ( Figure 3b ). P NW has led to the highest concentration of basolateral insulin and, when particles loaded with insulin were applied, a drug delivery profile typified by a gradually increasing cumulative concentration of the released drug for the first 2 h of incubation was obtained. The similarity of the temporal trend for the given transepithelial delivery to the insulin elution graph shown in Figure 2c unequivocally suggests the kinetic contingency of the drug permeability to the drug release, especially because such an increasing trend in basolateral concentration of insulin was absent when the drug and the particles were added separately (Figure 3b ). Geometric calculations have shown that the surface area of P particles in contact with the cell monolayer is approximately 10 times higher than for S particles in samples of identical weight, which explains for their greater efficiency in promoting the transepithelial delivery of insulin. In contrast, the fact that P B particles did not deliver insulin across the cell layer as effectively as P NW supports the hypothesis that the nanostructured topography present on the microparticle surface is a key influence on transepithelial drug delivery process.
Drug permeation across the epithelium is in this case expected to be influenced by two factors: (a) drug elution and (b) particle geometry. The purpose of the drug permeability test without prior drug loading was to kinetically decouple the drug release effect from particle geometry and nanostructured topography. When the permeability test was conducted by separately adding insulin and microparticles apically, both P particles, P B and P NW , induced higher permeability than any of the S ones ( Figure 3b ). Despite the similarity in the drug permeation trend between the two methods, the percentage of the drug delivered across the epithelium was significantly higher when insulinloaded P NW particles were applied ( Figure 3c ). Even though the amount of free drug in the apical compartment was lower when particles loaded with the drug were used, the resulting permeability was higher than in the case when the particles and the drug were added separately. These results signify that the presence of the drug in the immediate vicinity of the nanowireinduced disruption of the epithelium is vital to ensure a facile delivery process. Because the concentration of insulin is highest in the close proximity of the particle and gradually decreases as one approaches the bulk medium, diffusion effects will favor the drug transport directly off the particle surface if the nanowires manage to widen the tight junction spacing. Loading of the Figure 3 . (a) Concentration of insulin permeated across the Caco-2 cell layer membrane upon the application of different particles loaded with insulin: S B , S NW , P B , and P NW ; (b) concentration of insulin permeated across the Caco-2 cell layer membrane when the particles and insulin were added separately to the apical compartments; (c) permeation efficacy using insulin-loaded P NW particles and the percentage of permeated insulin when P NW particles and insulin were added separately, after 30 min incubation. Permeation efficacy was calculated as a ratio between the eluted amount of the drug and the permated amount of the drug. Data are shown as averages with error bars representing standard deviation (*p < 0.005 with respect to the control group). The statistical difference between the permeation efficacy of P B and P NW with loading has the two-tailed P value equal to 0.44; by conventional criteria, this difference is considered to be not statistically significant.
www.acsnano.org drug onto the particles also prevents the unfavorable blocking effect, whereby the nanowires, by virtue of their proximity to the epithelium surface during their interaction with the cell monolayer, competes spatially with the diffusion of the drug from the bulk medium.
Lying flat on the cell monolayer surface, a P NW particle with its large surface can be visualized to impede the bulk diffusion of the drug across the underlying epithelium, an effect that could be circumvented by releasing the drug directly off the particle surface in contact with the epithelium. The conclusion can be drawn that the shape of microparticles influences the permeability of insulin across Caco-2 cell monolayers. Both the surface area in contact with the epithelium and the actual nanotopography are presumed to affect the mechanotransduction pathways that allow for an effective transepithelial transport of the drug. The role of nanowires in enhancing permeation could be accomplished by their perforation of the intercellular spacing and thereby extension of the space available for transepithelial diffusion. A more plausible explanation could be that the nanostructures in contact with the epithelium prompt the cells to reach up to them, thereby widening the intercellular spacing. Increased permeability of small molecules across the epithelium induced by S NW particles was reported previously. 18 For P particles, the surface nanowires induced a 2-fold increase in permeability versus nanowire-free particles, an effect that is more pronounced than the previously reported one. The augmented effect of P NW particles in comparison with S NW can be explained by the larger surface area of interaction between the nanowires and the epithelium.
To examine the effects of P NW particles on the integrity of the tight junction, an intercellular protein complex that regulates the paracellular transport of molecules across the epithelium, 19À21 a morphological comparison between cell monolayers treated with S NW and P NW was conducted after the 4 h delivery. As shown in Figure 4a ,b, P NW particles showed a clear tendency to ruffle the ZO-1 pattern, indicating a mildly disruptive effect on the tight junction, through which a higher rate of drug delivery across the epithelium is enabled. Approximately 60À70% of the ZO-1 pattern lined up along the tight junction was ruffled upon the application of 5 mg of NW particles per cm 2 , as opposed to only 8% in the control sample and 10% in the sample incubated with an equal amount of S NW microbeads. Such a jagged profile of a junctional protein, along with occasionally seen double lines, is an indicator of a structurally disrupted, but not dysfunctional, epithelial membrane. 22, 23 A comparison of the fluorescence intensity of the ZO-1 pattern normalized to the surface area yielded significantly lower intensity for ZO-1 of cells incubated with P NW than for that incubated with S NW or the negative control (Figure 4c ). Because the paracellular permeability is thought to be inversely proportional to the density of tight junctional strands, 24À26 the detected decrease in the density of the perijunctional ZO-1 molecules is directly indicative of an increased paracellular permeability of Caco-2 cell monolayers in contact with P NW particles. Another observation consistent with the loosening of the tight junction that P NW particles induced to a markedly greater extent than S NW has come from the comparison of the width of the ZO-1 pattern. As also shown in Figure 4c , in the presence of P NW particles, it is twice lower with respect to both the negative control and the cells treated with S NW particles. Once sufficient surface coverage of the cell monolayer by P NW particles is achieved, any further addition of particles, mainly forming stacked-up agglomerates, does not contribute to a further decrease in the tight junction width (Figure 4d ). These results also confirm that TJ loosening is more likely to be caused by nanostructures than by the weight effect of microparticles on the underlying epithelium. Concordantly, immunofluorescent staining of claudin-1, the results of which are shown in Figure 5 , demonstrates a greater degree of diffuseness of the transmembrane protein following incubation with P NW particles in comparison with the S NW ones, an effect known to coincide with the application of chemical agents that increase the paracellular permeability of Caco-2 cells. 27, 28 Namely, as the spacing between tightly packed and polarized epithelial cells increases, the transmembrane proteins become partially endocytosed and withdrawn toward the cytoplasmic environment, contributing to this diffusion effect and less distinct cell boundary outlines. Although we demonstrated that the physical contact between nanowire-coated microparticles and the epithelium can facilitate the transepithelial transport of drugs, the question remained how big the drug molecule has to be before this transport becomes unfeasible. To shed light on a possible answer, we conducted a series of permeability tests on different molecular weights of FITC-conjugated molecules, ranging from the smallest, FITC per se (389 Da), to the largest, FITCIgG (150 kDa), without a prior drug loading. The results of the comparative effect of P NW particles on the permeability of differently sized model drugs across Caco-2 cell monolayer are summed in Figure 6 . Three different groups of drug molecules could be outlined depending on their sizes and the corresponding permeation profiles. Molecules from the first group, including 332 Da fluorescein and its derivative FITC, readily cross the epithelium, even without nanowires facilitating the delivery process. Despite their propensity to cross the epithelium, simultaneous subjugation of the latter to interaction with nanowires accelerated the permeation process, presumably as the result of reorganization of the tight junction in the direction of its increased permeability to small molecules. Insulin www.acsnano.org (5.6 kDa) and 4 kDa FITC-dextran belong to the second group of molecules, which could be delivered across the epithelium only with the assistance of microparticles. The third group includes even bigger molecules, from 10 kDa FITC-dextran to 150 kDa FITC-IgG, which cannot be transported across the epithelium even with assistance of the microparticles. In the case of FITC-IgG, not only did the increased amounts of either P NW or S NW particles fail to induce higher permeability, but the microparticles also blocked the paths for the natural, transcellular cell uptake of the drug. These are important considerations as we advance to an in vivo model. Bioavailability of orally administered insulin is exceptionally low in vivo, with less than 0.1% of the oral dose reaching the bloodstream. 29 Recent advances in polymeric delivery have brought bioavailability of oral insulin into the range of 5 À 15, 30 suggesting that suitable carriers present a viable pharmaceutical choice for oral delivery of insulin. Here, we show a baseline oral bioavailability of 4.9 over the 2 h of testing, as compared to 5.9 with S NW delivery and 6.7 with P NW delivery ( Figure 7 ). P NW delivery exhibited maximal blood concentrations at 1 h, whereas S NW showed maximal concentrations at 2 h. At time points that extended beyond the 2 h, endogenous insulin levels became higher that the delivered insulin levels, as in agreement with previously performed oral insulin delivery tests on rabbits. 31 Still, both S NW and P NW showed a longer half-life than the oral control, with greater AUC and lower clearance. The oral controls were significantly different from the IV control at 1 and 2 h and from S NW at 2 h (p < 0.05). Thus, the use of S NW and P NW compares favorably in vivo with other delivery devices, despite the minimal optimization of nanowire coating or the loading technique. The fact that the oral delivery by means of S NW led to the highest concentrations of insulin in blood 2 h following the administration among all the drug carriers tested can be explained by the considerably more variable geometry of the gastrointestinal tract compared to the flow chamber where the adhesion tests were carried out. It is possible that the microscopically observed clustering of P NW particles allowed them to pass through the digestive tract more easily, in contrast with S NW particles whose convex surfaces may have made them prone to become lodged in the network of villi and the rugae in the intestine.
CONCLUSION
By means of controlling the shape of the particles, their contact surface could be tailored for the given purpose. For particles meant to have a high retention time in the bloodstream, spherical morphologies, having the lowest contact surface, would present the natural choice. In contrast, when viable adherence of Figure 5 . Immunofluorescent staining of claudin-1 molecules (red) and cell nucleus (blue) in Caco-2 cell monolayers treated for 4 h with either no particles (control) or with 2 mg/cm 2 of S NW /P NW particles. All images were taken at 60Â magnification in oil. The size of each image is 450 Â 450 μm. The magnified part of the P NW image shows an area of the epithelium around a P NW particle, typified by a diffuse claudin-1 pattern and no distinct tight junction. Figure 6 . Comparison between the apical-to-basolateral permeability of Caco-2 cell monolayer for differently sized drug molecules in the presence of S NW and P NW particles. Data are shown as averages with error bars representing standard deviation (*p < 0.005 with respect to the control group). The statistical difference between the permeability coefficients of S NW and P NW at 10 kDa has the two-tailed P value equal to 0.4; by conventional criteria, this difference is considered to be not statistically significant. www.acsnano.org the drug delivery agents in spite of the mucous layer lining the epithelium is sought, elongated or irregularly shaped particles would perform better in theory. Shape and texture of the particles can thus be optimized to promote adhesion by means of simple steric effects. In this work, we have shown that irregularly planar silica particles coated with silicon nanowires exhibited a higher drug loading capacity than their spherical counterparts owing to their three times larger surface area per unit weight. Simultaneously, as a result of a larger surface area in contact with the cell layer, the planar particles increased the transepithelial permeation of a moderately sized model drug, insulin. Transepithelial permeability tests were conducted for a number of model drug molecules, ranging from fluorescein isothiocyanate to 4À10 kDa sized dextrans to bovine serum albumin to immunoglobulin G, and three categories of molecules were established based on their sizes and the corresponding permeation propensities. Insulin was found to belong to the second category of molecules, which could be delivered across the epithelium only with the assistance of nanowire-coated particles. Categories below and above belonged to smaller and bigger drugs, respectively, that either needed not the carrier to permeate the epithelium or were not able to cross it even with the support from the nanowire-coated particles, spherical or planar. Bioavailability of insulin orally administered to rabbits was also found to be increased when delivered in conjunction with the nanowire-coated particles. Lastly, by demonstrating that the effects of nanotopography can be scaled by increasing the surface area of interaction, we have opened the doors to the creative use of geometry in future devices aiming to incorporate this technology for various biomedical applications.
METHODS
Spherical and Planar Silica Microparticles Coated with Nanowires. Spherical (S) and planar (P) silica microparticles were provided by Nanosys, Inc., in two forms: bare (S B , P B ) and coated with silicon nanowires (S NW , P NW ). The particles were synthesized by means of chemical vapor deposition of silicon ions onto silica microparticles sputtered with gold. 32 Scanning electron microscopy (SEM, Hitachi, S-4300SE/N) was used for the morphological and size analysis of the four types of particles utilized in this study. The average dimensions of particles were determined from an SEM analysis and used to calculate the surface area of an averagely sized particle of a given type.
Caco-2 Cell Culture. The human intestinal Caco-2 cells were obtained from American Tissue Culture Collection (ATCC, Rockville, MD) and cultured in Eagle's Minimum Essential Medium with Earle's balanced salt solution, 1 mM sodium pyruvate, 20% fetal bovine serum (Sigma), and 1% penicillinÀstreptomycin antibiotic solution. In all experiments, the cells were seeded in 24-well plates at a density of 7.5 Â 10 4 cells per well either on glass coverslips (Fisherbrand) or in the apical compartments of TranswellsTM. Seeded at the given cell density, the cells would reach confluency in 5À7 days. Every 7 days, the cells were detached from stock cultures by means of trypsin (0.25 wt %) digestion, washed, centrifuged (1000 rpm Â 3 min), resuspended in 10 mL of media, and subcultured in 1:7 volume ratio. The cultures were regularly examined under an optical microscope to monitor their growth and possible contamination. Cell passages 22À35 were used for the hereby reported experiments. Caco-2 cell line, originally established in 1977, 33 has been a standard model system for assessing intestinal epithelial permeability. 34 It has also been proven as a viable model for the in vitro investigation of various drug delivery vehicles.
35À37
However, numerous problems were also associated with the usage of this cell line as an in vitro model of the epithelium, including the following:
38À41 (a) variability in the cell behavior depending on the cell clone, passage, and culturing conditions; (b) cell aggregation loci may lead to erroneously estimated drug permeability; (c) the transepithelial transport efficacy is sensitive to the nature of the buffers and the solid surface onto which the cells adhere; (d) assumed linearity of the drug transport process implicit in the concept of permeability coefficient. To minimize the effects of these and other artifacts, the results of all the experiments were compared with the simultaneously cultured controls subjected to no particle/drug treatments.
Shear Flow Measurements. The adhesion of the particles onto Caco-2 cell monolayers under shear flow was measured using a parallel plate flow chamber (Glycotech, Gaithersburg, MD).
The particles were allowed to adhere onto the cell monolayer for 5 min prior to assembly of the chamber. The cell culture media flow rate was increased to produce the shear pressure of ∼70 dyn/cm 2 . Images of adhering particles at different time points were taken on an Olympus BX60 microscope using NISElements Advanced Research software. Their surface retention coefficients were estimated by comparing the cell count per image captured under 10Â magnification (a) immediately after the assembly of the chamber and subjection of the particles to the shear flow and (b) 5 min later. The number of particles captured per image ranged between 20 and 100. ImageJ software was used for subsequent particle number counting.
Drug Loading and Elution. Solvent-evaporation-induced capillary effect was used as a mechanism for loading the particles with the moderately sized model drug, insulin. A total of 2 mg of microparticles were immersed in 166 μL of the loading solution and heated at 35°C for approximately 24 h (until dry). The loading solution comprised 10 mg/mL of bovine pancreatic insulin (Sigma) dissolved in phosphate buffer saline (PBS). To remove the residual, unloaded drug, washing with PBS was carried out, after which the particles were transferred to a new vial and weighed. Particles loaded with insulin were suspended in 0.5 mL of PBS and kept on a shaker plate for 4 h. A portion of the supernatant (25 μL) was periodically extracted to quantify the amount of eluted insulin. The quantification was performed using a regular bicinchoninic acid (BCA) protein assay. The absorbance of the samples was read at λ = 562 nm following the manufacturer's guidelines.
Drug Permeability across Caco-2 Cell Monolayers. Confluent Caco-2 cells seeded in high-density 0.3 cm 2 cell culture inserts with 0.4 μm pore size (Falcon) placed in 24-well plates were exposed apically to 1À20 mg of particles (S B , P B , S NW , P NW ) in 500 μL of the phenol-free cell culture media. The basolateral compartments initially contained 1 mL of PBS. Separate permeability experiments were carried out (a) with insulin-loaded microparticles and (b) with microparticles and separately added 1 mg/mL solutions of drugs of various sizes: 389 Da fluorescein isothiocyanate (FITC), 4 kDa FITC-dextran, 5.6 kDa insulin, 10 kDa FITCdextran, 66 kDa FITC-BSA, and 150 kDa FITC-IgG. FITC was applied as a sodium salt and thus permeated the cell layers in ionized form. A portion of the supernatant (25 μL) was periodically extracted from the basolateral compartment to quantify the amount of eluted drug using either BCA assay or a Packard Fluorocount fluorometer at the excitation λ = 495 nm and the emission λ = 518 nm. To mimic the physiological conditions in the intestines, the 4 h incubations were performed by keeping the inserts on a shaker plate (120 rpm). All the experiments were done in triplicate and each experimental replica was analyzed ARTICLE for the drug content also in triplicate (n = 3 Â 3). Prior to the start of the experiment, an increase in the cell density was monitored by means of daily TEER measurements. TEER values higher than 300 Ω 3 cm 2 were taken as a sign of confluent cell monolayers. To ensure that the cells are furthermore polarized, with the appropriate tight junctions, TEER was allowed to increase through the next 48 h or so. The initial TEER at the onset of the permeability experiments was between 600 and 1000 Ω 3 cm 2 , matching the earlier reported range of values for polarized monolayers of confluent Caco-2 cells and the epithelial lining of the colon. 42, 43 The permeability coefficients (P app ) for different fluorescent drugs were calculated using the following equation, 44 in which dq/dt is the rate of change in the amount of fluorescence on the basolateral side converted to fluorophore concentration units (mg/mL), A is the surface area of the inserts, and C°is the initial concentration of fluorophore applied in the apical compartment (mg/mL):
Immunofluorescence for Zonula Occludens-1 (ZO-1) and Claudin-1. Upon reaching full confluency, Caco-2 cells in 24-well plates were treated with different amounts of S NW and P NW particles (4, 10, or 20 mg per well) suspended in 500 μL of the cell culture media and incubated for 4 h at 37°C. The media along with the particles were then aspirated and the cells were washed with PBS and fixed for either 5 min in À20°C methanol in the case of staining of ZO-1 or 15 min in 3.7 wt % paraformaldehyde at room temperature in the case of staining of claudin-1. The cells were then washed three times with PBS, 5 min each, and then with the blocking solution (PBT = 1% BSA, 0.1% Triton X-100 in PBS) two times, 5 min each. The cells were then blocked and permeabilized in PBT for 1 h and incubated with 200 μL/well primary antibody, 10 μg/mL rabbit anti-ZO-1 (Zymed Lab), or 10 μg/mL rabbit anticlaudin-1 (Abcam) in PBT overnight at 4°C. After the overnight incubation, the cells were washed with PBS 3 Â 10 min and then incubated with 150 μL/well secondary antibody, 2.5 μg/mL AlexaFluor 555 goat antirabbit IgG (Invitrogen), and 20 μg/mL 4 0 ,6-diamidino-2-phenylindole dihydrochloride nuclear counterstain (DAPI, Invitrogen), all in PBT for 1 h at room temperature. After washing with PBS 3 Â 5 min, the coverslips containing the fixed and stained cells were mounted onto glass slides using Vectashield and nail hardener and imaged in oil under a confocal laser scanning microscope, C1si (UCSF Nikon Imaging Center) at 60À100Â magnification. All the experiments were done in triplicates and the staining immunofluorescence pixel intensity was measured from four randomly selected images in each sample (n = 4 Â 3). Volumerendered z-stack images (12À15 of them) spaced by 1 μm were collected at identical laser intensities and analyzed for the fluorescence intensity, the thickness of ZO-1 conglomerates and the percentage of the ruffled TJ pattern using ImageJ and NIS Elements software. As a part of this semiquantitative analysis, the thickness of ZO-1 conglomerates at the tight junction was measured as half-width of peaks obtained by plotting the fluorescence intensity profiles across the cell boundary.
In Vivo Dosing and Pharmacokinetics. New Zealand white rabbits were orally dosed with 50 mg of insulin-loaded particles in a #4 gelatin capsule. Experimental groups were insulin-loaded S B (n = 4), insulin-loaded S NW (n = 4), insulin-loaded P NW (n = 4), an intravenous (IV) administration control (n = 4), and an oral administration control (via oral gavage, n = 3). Controls were orally or intravenously dosed with 2 mg of insulin dissolved in PBS, or 9.8 IU/kg, the amount expected to be released from 50 mg loaded S NW . Blood samples were taken before dosing and at 1 and 2 h, and assayed for insulin via ELISA. Absolute bioavailability (F abs ) was calculated as a ratio between the areas under the blood plasma drug concentration versus time curves (AUCs) for dosages administered orally and by IV means.
